In this work, hot compression tests were performed to investigate the dynamic recrystallization (DRX) process of a martensitic stainless steel (AISI 422) at temperatures of 950, 1000, 1050, 1100 and 1150°C and strain rates of 0.01, 0.1 and 1 s
Introduction
The AISI 422 martensitic stainless steel is commonly used in relatively high operating temperatures (as high as 650°C) and under corrosive conditions. This fact makes this steel very appropriate for making high-temperature bolting, rotors and gas turbine blades (Ref 1, 2) . The durability of the microstructures and mechanical properties of these parts is significantly important as they are exposed for a relatively long time at hightemperature services (Ref 3) . This steel was developed by modifying the chemical composition of the E 0 I802 steel with the aim of improving its microstructural stability. It can be done by correcting its composition, namely decreasing the content of chromium from 11.0-13.0 to 10.5-12.5 wt.% and increasing the concentration of carbon from 0.12-0.18 to 0.17-0.23 wt.% and the concentration of nickel from 0.4-0.8 to 0.5-0.9 wt.% . In addition, optimum microstructure in terms of strength and ductility is crucial for production of steel parts, which can be provided by thermomechanical processing. In order to get this aim, the deformation process parameters such as temperature, strain per pass, strain rate and initial grain size must be well selected . Two main softening mechanisms taking place during the hot deformation of austenite are dynamic recovery (DRV) and dynamic recrystallization (DRX), depending on the hot deformation conditions for a given microstructure (Ref 7) . The latter mechanisms have a great influence on controlling the microstructure as well as the flow stress of a material. In materials with low staking fault energy like austenite in stainless steel, the DRV kinetics is relatively slow, promoting dislocation accumulation and providing enough driving force for the onset of the DRX process after a relatively amount of strain is impaired (Ref 8, 9) . DRX phenomena are acknowledged as an important feature to restore the ductility of the materials which are being work hardened during deformation process. DRX allows large deformation in the material without crack or damage appearance (Ref [10] [11] [12] [13] . Typically, DRX is favoured at high temperatures and low strain rates and is also acknowledged as a grain refinement mechanism under most forming conditions (Ref [14] [15] [16] . A new grain structure appears after DRX by formation and migration of high-angle grain boundaries, and therefore promoting the grain refinement of the deformed alloy (Ref 17) .
Although the AISI 422 stainless steel has widely used in industrial applications, the hot deformation process of the steel has been less investigated and only little information on the flow stress behavior of the steel has been reported. Hence, the main goal of the present work is to investigate the effect of deformation parameters such as deformation temperature (in temperature range of 950-1150°C) and strain rate (0.01, 0.1 and 1 s
À1
) on the hot deformation characteristic of the steel. For this purpose, first the effect of hot deformation conditions on the microstructures of the alloy was investigated; second, the critical stress for initiation of DRX was determined according to the method proposed by Najafizadeh and Jonas (Ref 18) ; third, a constitutive relationship was developed describing the dependence of the flow stress on the deformation temperature; and finally, two constitutive models were used for modeling of flow stress behavior of the studied steel. Table 1 shows the chemical composition of the AISI 422 martensitic stainless steel used in this work. The scanning electron microscopy (SEM) and optical images of the asreceived specimen, hot forged and cooled in air, display a fully martensite structure as shown in Fig. 1 . The hot compression tests were conducted using a Baehr DIL 805 deformation dilatometer. The temperature of the specimen was recorded by a Pt/Pt-Rh10% thermocouple welded on the surface. The tests were carried out in protective atmosphere, first vacuum (5 9 10 À4 mbar), and next Argon flow was employed for the cooling stages. Cylindrical samples with 5 mm in diameter and 10 mm in length were taken from the central part of a hotforged billet. They were prepared using electrical discharge machining (EDM) according to ASTM A1033 standard (Ref 19) . The hot compression schedules carried out in this study are schematically shown in Fig. 2 . The specimens were held 5 min at 1200°C in order to obtain a homogeneous austenitic microstructure and then cooled down to the deformation temperature at a cooling rate of 5°C/s. At the deformation temperature, the specimens were held for 20 s to get a uniform temperature and finally hot compression tests were conducted at the temperatures of 950, 1000, 1050, 1100 and 1150°C and strain rates of 0.01, 0.1 and 1 s À1 . For preserving somehow the hot deformation microstructure and study the DRX microstructure, the samples were quenched instantly after deformation at a cooling rate of 70°C/s to room temperature.
Experimental Procedure
For microstructural investigation, the deformed specimens were cut by EDM through the longitudinal direction. The optical microscopy specimens were prepared based on the ASTM E3 standard (Ref 20) ; the desirable surface was grinded up to 2500 grit with SiC paper and then was polished with diamond slurries down to 1 lm. To reveal the prior austenite grains (PAG), the specimens were deeply etched using an innovative chemical etching solution with the following composition: 3 g CuCl 2 , 4 g FeCl 3 , 5 ml HCl and 50 ml H 2 O. The proposed chemical etching was used at room temperature for 5 to 20 s. The recrystallized grain size was determined from samples quenched after hot compression tests according to ASTM E112 standard (Ref 21) .
In preparation for EBSD analysis, specimens were polished using standard metallographic techniques and final polishing step was carried out using colloidal silica with 0.04 lm particle size. EBSD patterns were recorded by a JEOL JSM-7001 F field emission scanning electron microscopy (FESEM) and were evaluated using the Oxford Instruments HKL software package CHANNEL5. The analysis was performed with an acceleration voltage of 20 kV, working distance of 11 mm, tilt angle of 70°a nd step size of 350 nm. In order to remove the martensite lath boundaries and highlighting the PAG boundaries, only those boundaries with misorientation in the range from 15°to 50°were selected. The reason for this is that most boundaries between martensite packets have two peaks corresponding to low (smaller than 15°) and high misorientations (higher than 50°) (Ref 32) . Therefore, the map in the range of 15°to 50°shows dominantly the PAG boundaries which can considered as a good indication (although not a perfect one) of the PAG structure.
The microstructural quantitative analysis was performed by using Clemex image analysis software to measure the average austenite grain size and the volume fraction of the recrystallized structure.
Results and Discussion

Effect of Deformation Conditions on Flow Stress Curves
Generally, flow stress curves under hot compression conditions can be divided into two major types: DRV and DRX. In the DRV curves, in the early stages of deformation, the flow stress increases with strain up to a specific strain level, where the strain-hardening and -softening rate reaches an equilibrium. In that moment the flow stress attains a steady-state value. However, in DRX-type curves, the flow stress increases with strain to a maximum level and then decreases continuously to a steady-state value (Ref 22) . This softening is promoted by the nucleation and growth of recrystallized grains, free of dislocations, reason that explains the dropping of the flow stress. Figure 3 shows experimental flow stress curves of deformed specimens under different deformation parameters. One can readily see the strong effect of both deformation temperature and strain rate on the latter flow curves. It is evident that at a constant strain rate, the stress is reduced when the deformation temperature is increased. Atomic diffusion is increased with increasing temperature enhancing nucleation and grain boundary mobility and therefore promoting the early onset of DRX. In this regard, the critical strain for DRX initiation shifts to a lower strain value, which can be attributed to the easier formation of DRX nuclei at higher deformation temperatures. At higher strain rates, the rate of restoration process is decreased, while the work-hardening rate is increased. In the balance, an increase in the flow stress is noticed and the critical strain for DRX initiation also increases at larger strain rate.
As clearly seen in Fig. 3 , DRX is the dominant mechanism of most of the present experimental hot compression tests, except at low deformation temperatures and high strain rates where a peak stress is not evident on the flow curves. It can be also seen that dynamic recrystallization has occurred for all deformation temperatures at strain rates of 0.1 and 0.01 s
À1
. As expected, with increasing deformation temperature the peak stress shifts to a lower value. For instance, when the deformation temperature increases from 950 to 1150°C, the peak stress corresponding to the strain rate of 0.01 s À1 diminishes from 120 to 70 MPa. However, the true stressstrain curves at strain rate of 1 s À1 at all deformation temperatures show no stress drops, i.e., a characteristic behavior of dynamic recovery as the solely operative softening mechanism. Figure 4 (a) illustrates the as-received and undeformed optical microstructure (hot forged and cooled in air), which clearly identified the coarse and equiaxed grains. The distribution of austenite grain size in the undeformed specimen is shown in Fig. 4(b) . The diagram suggests a relatively uniform distribution of grain size, with an average grain size of about 51 lm. The optical micrographs of deformed specimens at 1150°C under strain rates of 0.01, 0.1 and 1 s À1 are shown in Fig. 5 and 6. The microstructure of deformed sample at 1 s À1 (Fig. 5a and  b) indicates that the primary austenite grains are elongated along the deformation direction, providing extra evidence of the absence of DRX under this deformation condition. At such a condition, the flow stress appearance (Fig. 3a) implies that DRV is the only softening process (absence of peak stress) during straining, while careful observation of the microstructure reveals that approximately 3% of volume fraction is occupied by small recrystallized grains. In the particular case of the sample deformed at 1150°C and 0.1 s À1 (see Fig. 6a and b) one can observe that many DRX grains are nucleated on the primary austenite grain boundaries, which are well known as preferential sites for nucleation. In this case, the microstructure has a duplex grain size distribution consisting of 15% recrystallized grains (with an average grain size of 10 lm) and 85% unrecrystallized grains (with mean grain size of 56 lm). As illustrated in Fig. 6 (a) and (b), only a small portion of the microstructure has recrystallized dynamically and they may be later the grains that undergo metadynamic recrystallization. Figure 6 (c) and (d) shows the microstructure of the deformed specimen at 1150°C and 0.01 s
Effect of Deformation on the DRX Microstructures
À1
. Here, as a result of DRX, 20% of deformed structure is replaced by new recrystallized grains with an average grain size of about 14 lm. From the obtained results, it is evident that the recrystallized structure increases as the strain rate is decreased. In other words, lower strain rates resulted in more recrystallized structure with coarser recrystallized ones.
In order to better detail the microstructural evolution, the EBSD analysis over a relatively wide area of deformed alloy was carried out with a step size of 350 nm. In Fig. 7 , the black lines are corresponding to high-angle random boundaries with misorientation higher than 15°. The lines represent the martensite boundaries and the austenite grain boundaries cannot be distinguished. In order to improve the identification of high-angle grain boundaries, only those boundaries in the range of 15°-50°were marked as black lines as shown in Fig. 8 . The reason for selecting this range of misorientation is that most boundaries of martensite packets have high misorientation (50°-60°). When the misorientations are removed, then former austenite boundaries are revealed. From Fig. 8 , it is clear that the new recrystallized grains were nucleated from PAG boundaries. Therefore, the optical micrographs can properly identify the new recrystallized grains and can be considered as a proper method for microstructural investigations.
It is well documented that the DRX grains size are independent on the initial grain size (Ref 6, 31 ). In addition, the DRX grain grows rapidly to their final size and then they remained unchanged thereafter. Therefore, many models have suggested the dependency of DRX grain size on the deformation variables as a function of the Zener-Hollomon Z parameter (Ref 23) .
The average grain size as a function Z parameter is illustrated in Fig. 9 and can be determined from the following relationship: 
where A, B, C and D are material constants for a given set of hot deformation parameters. Equaling the second derivative of Eq 2 to zero, the inflection point (or critical stress value for the onset of DRX) can be then easily obtained as follows:
As an illustrative example, the first derivative of the workhardening rate versus stress at the temperature of 1150°C and strain rate of 0.1 s À1 is shown in Fig. 10 . In this figure the critical stress for initiation of DRX appears as minimum in the dh/dr-r curve. The critical stress values for initiation of DRX and the peak stress under different deformation parameters are compared in Fig. 11 . The critical stress to peak stress ratio (r Critical /r Peak ) was calculated as 0.84, which is in agreement with other published results (Ref 25).
Constitutive Equations
The relationship between hot deformation parameters including flow stress, deformation temperature and strain rate can be expressed by a constitutive equation of the Arrhenius type. In this context the Zener-Hollomon parameter (Z) is typically introduced to combine the effects of strain rate and temperature by using the following equations (Ref 26): where Z is the Zener-Hollomon parameter, _ e is strain rate (s À1 ), T is deformation temperature (K), R is the universal gas constant (8.314 J/mol K), Q is the activation energy for dynamic recrystallization (kJ/mol), r is the flow stress (MPa) at a specific true strain, and A, n, n 1 , a and b are material constants in which a = b/n 1 .
Conventionally, the power-law relationship is held at low stress values (Eq 5), but on the contrary, the exponential law in Eq 6 is appropriated for high stress values, i.e., high strain rates and/or low temperatures. Instead the hyperbolic sine law in Eq 7 is valid in the entire range of stress values (Ref 26) .
Flow stress data from the present compression tests at various deformation conditions were employed to calculate the material constants of constitutive equations, at constant strain.
According to Eq 6 at low and high stress level, the relationship between flow stress and strain rate can be represented by Eq 8 and 9: 
where B and C are material constants which are dependent on the deformation temperature. When the logarithm of both sides of Eq 8 and 9 is taken the following equations are obtained, respectively.
The relationship between flow stress and strain rate can be drawn by considering the experimental values of the flow stress and corresponding strain rate in Eq 10 and 11. The n 1 and b values can be obtained from the plot of ln _ e-lnr and ln _ e-r, respectively (Fig. 12a and b) . From these figures it can be observed that the slopes of the lines in different deformation temperatures are approximately the same. The inverse of the mean value of the slopes regarded as the n 1 and b parameters, considering the true strain of 0.1, was estimated to be 9.12 and 0.084 MPa À1 , respectively. Therefore, the value of a is given as a = b/n = 0.0092. Also, the inverse slope of ln[sinh (ar)] versus ln _ e (Fig. 12c) was taken as the value of n, which was taken to be 6.86. The activation energy (Q) at a specific strain rate can be expressed as Eq 13 which resulted by differentiating Eq 12:
The value of activation energy for recrystallization (Q) can be then calculated from the mean slopes of ln[sinh(ar)] versus 1/T plots (Fig. 12d) . The average activation energy over temperature range of 950-1150°C for different strain rates was estimated as 420 kJ/mol. This value is somehow higher than those typically reported for most low-alloy and microalloyed steels, i.e., 270-300 kJ/mol (Ref 27) . However, it is in the same range than for austenitic stainless steel, such as AISI 304, where a value of 410 kJ/mol has been reported ( Ref 6) . The amount of alloying element in the AISI 422 steel is higher than in low-alloy steels but lower than in AISI 304 austenitic stainless steels. From Eq 13, the Zener-Hollomon parameter for the steel can be written as following equation:
The value of A in Eq 12 at a particular strain can be estimated by plotting ln Z versus ln [sinh (ar)] at a given strain. As shown in Fig. 13 , the value of A at strain of 0.1 was calculated to be 9.24 9 10 14 . By substituting the material constants (a, n, Q and A) into Eq 7, the constitutive equation at the true strain of 0.1 can be expressed as following equation: Furthermore, the constitutive equation of flow stress (considering Eq 6 and 7) can be given as a function of the ZenerHollomon parameter as follows: , the minimum point representing the critical stress for DRX Fig. 11 Relationship between critical and peak stress at different temperatures and strain rates equation that best fit the constants was estimated to predict the material constants at different strains.
Prediction of Stress-Strain Curves
Generally, the flow stress curve can be split in two different regions (Ref 28) ; region (I) illustrates the work-hardening process of materials during the hot deformation process, in which the stress level increases up to the peak stress followed by region (II) which displays a uniform decline in stress to a steady-state value. In this regard, Akbari et al. (Ref 29) have proposed a constitutive relationship to predict single peak flow stress plots by combining the values of peak stress (r P ) and peak strain (e P ) as follows:
In order to obtain the values of constants B and m the stress and corresponding strain data were applied before and after the peak point. Accordingly, the constants m 1 and B 1 , plus m 2 and B 2 were determined before and after the peak point, respectively. For instance, the constitutive equations for the alloy at The flow stress curves (Eq 18 and 19) were calculated and compared with the experimental flow stress curves as illustrated in Fig. 15 . One can notice that the model predicts the experimental flow stress with acceptable accuracy. However, a significant difference is observed at low strain values. In addition, this method estimates the flow stress curves by two almost linear graphs with different slopes.
Ebrahimi et al. (Ref 30 ) proposed a different model based on the phenomenological form of a single peak flow stress curves. They considered the variations of strain-hardening rate vs. stress and strain using the following relation:
where e P is the peak strain corresponding to the peak stress point and r ss regarded as the steady-state stress. The term (1 À e e P ) estimates variation of the stress-strain curve when r > r ss . Solution of differential Eq 20 with regard to strain considering the boundary condition of r = r P at e = e P results in:
where C 1 can be estimated from the following equation:
Here e C ¼ ke P and r C < r ss . Considering the term of r C > r ss , the model is applicable only for deformation temperature of 1100 and 1150°C at a strain rate of 0.01 s
À1
for the steel in this study. Figure 16 illustrates the comparison between the predicted flow stress values with experimental ones. It can be seen that before the peak point the consistency between the predicted and experimental flow stress is satisfactory but not after the peak strain where the predicted flow stress is much lower than that of the experimental ones.
In addition, in order to prove the competency of the aforementioned models, the prediction error of flow stress curves was calculated at different deformation conditions. As shown in Fig. 17 , at very low strains when the work-hardening rate is high, both models overestimate the flow stress although the predictions using Ebrahimi et al. model are a little bit more precise at this range of strain. This can be ascribed to the mathematical nature of the both models which predicts a low rate of approaching to the zero stress. Also, it is clear that the Akbari et al. constitutive equation is more capable in prediction of flow stress curves as the average value of errors shown in Table 2 .
Conclusions
The dynamic recrystallization behavior of an AISI 422 martensitic stainless steel has been investigated by hot compression tests under different deformation conditions. The following conclusions can be listed: In EBSD analysis, the prior and new recrystallized grain boundaries in the martensitic steel can be observed by defining the grain boundaries according to their misorientation in the range of 15°-50°. The proposed etchant solution in optical micrographs can be considered as a reliable method for identifying the high-angle grain boundaries. 3. The AkbariÕs model appropriately predicts the flow stress curve by incorporation of the peak stress (r P ) and the corresponding strain (e P ). 4. The EbrahimiÕs model predicts the flow stress with a good accuracy up to peak, failing after such point as the predicted values are lower than the real ones. 
